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ABSTRACT 

Wire integrity has become an area of concern to the aerospace community including DoD, NASA, FAA, and Industry. 
Over time and changing environmental conditions, wire insulation can become brittle and crack. The cracks expose the 
wire conductor and can be a source of equipment failure, short circuits, smoke, and fire. The technique of using the 
ultrasonic phase spectrum to extract material properties of the insulation is being examined. Ultrasonic guided waves 
will propagate in both the wire conductor and insulation. Assuming the condition of the conductor remains constant then 
the stiffness of the insulator can be determined by measuring the ultrasonic guided wave velocity. In the phase 
spectrum method the guided wave velocity is obtained by transforming the time base waveform to the frequency domain 
and taking the phase difference between two waveforms. The result can then be correlated with a database, derived by 
numerical model calculations, to extract material properties of the wire insulator. Initial laboratory tests were performed 
on a simple model consisting of a solid cylinder and then a solid cylinder with a polymer coating. For each sample the 
flexural mode waveform was identified. That waveform was then transformed to the frequency domain and a phase 
spectrum was calculated from a pair of waveforms. Experimental results on the simple model compared well to 
numerical calculations. Further tests were conducted on aircraft or mil-spec wire samples, to see if changes in wire 
insulation stiffness can be extracted using the phase spectrum technique. 
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1. INTRODUCTION 

Electrical wiring in most modern day equipment is subjected to heat, cold, moisture, and vibrations, which can 
eventually cause the wire insulation and even the wire conductor to fail. In most cases these environmental and 
operational conditions are modest, but in some cases these conditions are extreme and can cause the insulation to 
become brittle and crack. The cracks expose the underlying wire conductor and become a potential source for short 
circuits and fire. In critical situations wire inspections are done visually, but often after-the-fact, in response to an 
instrument or system failure. Visual inspection may find the cracks and burns, but this method offers little quantitative 
information about the condition of the wire insulation prior to failure. 

Ultrasound can be used to obtain the desired quantitative information about the wire insulation. For this purpose, 
insulated wire may be considered a cylindrical wave-guide or more descriptively a clad rod, where the wire conductor is 
the core and the wire insulation is the cladding. A number of authors have examined acoustic wave propagation in a 
cylindrical geometry [1-5] and for detailed analysis the reader is referred to these papers. Some applications of 
ultrasonic guided waves include material testing or characterization of wire or fibers [6, 7], and for use as ultrasonic 
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delay lines. In general many acoustic wave modes will propagate in a cylindrical shape and in part, be a function of 
material properties, geometry, frequency, propagation order, and circumferential order. Two modes in the low 
frequency regime are the axisymmetric and flexural modes. The axisymmetric mode is the first signal that arrives in an 
ultrasonic transmit/receiver arrangement and is nearly non-dispersive in the low-frequency regime. A traditional time- 
of-flight measurement was previously used in examining the propagation of this mode in heat damaged wire insulation, 
[8, 9]. Results showed a correlation between the axisymmetric mode phase velocity and heat-damaged condition of the 
wire insulation. A drawback in this time-of-flight measurement is that it is tedious and extremely times consuming 
because a constant phase point from signal-to-signal is followed. Also, the amplitude of the axisymmetric mode signal is 
smaller in magnitude than the flexural mode signal, due in part to the loading geometry. Thus it requires increasing the 
electronic signal gain. Taking advantage of the larger amplitude signal should improve the signal analysis, but a simple 
time of flight measurement can not be used to evaluate the flexural mode phase velocity because this mode is dispersive 
in nature. A Fourier phase method of extracting phase velocities from this type of dispersive signal was described and 
demonstrated by Sachse and Pao, [10], and used by a number of other authors. [11-14]. These authors applied the 
Fourier phase method to Lamb wave signals in metallic and laminated composite materials. In this paper the Fourier 
phase method is investigated for application on small diameter cylindrical geometry and in particular, electrical wire. 
Flexural mode dispersion curves are obtained for a wire model and for a mil-spec baseline and heat damaged samples. 


2. EXPERIMENTS 


The experimental system is schematically shown in Figure 1. This system consists of two piezoelectric transducers, 
ultrasonic pulse generator, ultrasonic pre-amp, and oscilloscope. The transducers were low frequency, broadband 
acoustic emission transducers with a bandwidth of 50 kHz to 1.5 MHz. The signal from the ultrasonic receiver is first 
fed through a pre-amplifier with a 20 kHz to 2 MHz bandwidth and a 40 or 60 dB gain and then through another 
amplifier with a maximum gain of 42 dB and a bandwidth set at 10 kHz to 300 kHz. The output of the amplifier was 
recorded by an 8-bit/500 MHz digitizing oscilloscope. The signal was averaged 100 times to improve signal to noise and 
then recorded for later analysis. The transducers were mechanically attached to the rod or wire as shown in Figure 2. 
The clamp face opposite the transducer had a groove machined in it, to hold the wire along the center of the transducer 
surface. During measurements, a wire was held on a 30-cm long optical rail while the transducers were clipped on the 
wire at various separations. The wires were nominally 60 cm long and the ends of the wires were clamped to hold the 
samples while measurements were taken. 


In the Fourier phase method an elastic wave is generated and detected at two different distances along the rod or wire. 
For each signal the flexural mode wave is windowed and then the phase (qp) of this windowed portion of the signal is 
obtained by performing a Fourier transform. The phases were unwrapped to remove any 2jtn uncertainties and then the 
phase difference (Acp) is obtained. The phase velocity (v p h) as a function of frequency (f) can be found to be [10] 


v P h(f) = 


2jtfd 


(i) 


where d is the distance between the two receiver locations. 

To validate the method, a flexural mode dispersion curve for a brass rod was obtained experimentally using the Fourier 
method and calculated numerically. The calculations were performed using a commercially available software package 
that calculates dispersion curves in plate and cylindrical geometry. The brass rod was then covered with a heat shrink 
tubing to simulate the insulation on an electrical wire and measurements and calculations were repeated. In the 
modeling calculations it is assumed there was perfect coupling between the brass rod and heat shrink tubing. Material 
properties and geometry of the brass rod and heat shrink tubing used in the calculations are shown in Table I. The 
longitudinal velocity of the heat shrink tubing was measured using ultrasonic pulse echo methods and the density was 
measured through volume and mass measurements of a small sample. Other values were estimated using these 
measurements and tabulated text book values for thermoplastic material [15]. 



TABLE I. Brass and Heat Shrink Tubing Material Properties and Radius. 


Material 

Brass 

Heat Shrink Tubing 

Young’s Modulus, (GPa) 

108.94 

0.72 

Density, (kg/m 3 ) 

8500 

958 

Poission’s Ratio 

0.35 

0.46 

Long. Velocity, (m/s) 

4535 

1868 

Shear Velocity, (m/s) 

2178 

510 

Rayleigh Velocity, (m/s) 

2036 

484 

Radius, (mm) 

1.59 

2.175 


Next, measurements were performed on electrical wire samples. The samples were mil-spec MIL-W-22759/34 16- 

(R) 

gauge Teflon coated wire. The wire conductor was composed of 19 strands of tin-coated copper. Dimensions and 
other characteristic of the electrical wire are given in Table II. This electrical wire was examined in a baseline condition 
(undamaged) and in a heat-damaged or aged condition. Heat damaging or oven aging was performed by heating the wire 
in an oven for 100 hour at 270 °C. In its baseline condition the electrical wire insulation was white and flexible. After 
oven aging the insulation was gray and it remained flexible, but felt stiffer compare to the baseline. For numerical 
calculations the electrical wire was modeled with a core of solid copper and a cladding of Teflon . Properties and radius 
used in the calculations are shown in Table III. The properties are typical text book values. 

TABLE II. Specifications of 16-gauge MIL-W-22759/34 wire 


Overall Diameter, (mm) 

1.90 

Wire Bundle Dia., (mm) 

1.33 

Insulation Thickness, (mm) 

0.28 

Wire Strands per Bundle 

19 

Wire Strand Gauge 

29 


TABLE III. Material Properties and Radius used in numerical model of electrical wire. 


Material 

Copper 

Teflon 

Young’s Modulus, (GPa) 

122.70 

1.864 

Density, (kg/m 3 ) 

8900 

2200 

Poission’s Ratio 

0.35 

0.40 

Long. Velocity, (m/s) 

4700 

1350 

Shear Velocity, (m/s) 

2260 

550 

Radius, (mm) 

0.66 

0.95 


3. RESULTS AND DISCUSSION 

Theoretical dispersion curves for the axisymmetric and flexural low-order modes are shown in Figure 3. These 
dispersion curves are for an uncoated and coated brass rod of which the material properties and geometry values used to 
calculate these curves were given in Table I. This figure, illustrate the significant effect of the coating. This effect 
decreases the range of frequencies where dispersion is most noticeable and decreases the magnitude of the phase 
velocity. This effect was shown to be a function of the coating thickness [16]. The high-frequency phase velocity limit 
is the Rayleigh surface wave velocity and for the uncoated and coated rod this is 2 lOOm/s and 510m/s respectively. 
Experimental measurements were taken on the uncoated and coated brass rod and the flexural mode dispersion curves 
were obtained as described above. The results shown in Figure 4 are compared with the calculated flexural mode 






dispersion curves that were shown in Figure 3. Overall, the experimental measurements follow the trend of the 
theoretical curves and illustrate the effect of the coating and validate the Fourier method procedures. The difference 
between the theoretical and experimental curves may be due to differences between actual and textbook material 
property values and between actual boundary conditions and the assumed perfect coupling of the core and cladding. 

Experimental and theoretical flexural mode dispersion curves for the baseline and oven aged electrical wire are shown in 
Figure 5. Values in Table III were used to calculate the theoretical baseline dispersion curve. The experimental data 
follows the trend of this theoretical curve. The theoretical oven aged dispersion curve was calculated using a Young’s 
Modulus of 4.0GPa, while density, and Poissons ’s Ratio remained constant and longitudinal and shear wave velocity 
were recalculated according to elastic relationships. The value of 4.0GPa was chosen to make the theoretical curve 
follow the experimental data and illustrate stiffening of the wire insulation. Although these curves don’t follow the 
theoretical calculations exactly, in part due to the reasons given above, plus the model used a solid core while the wire 
core consisted of a bundle of small diameter wires, they do show a difference that may be associated with material 
stiffness. 

Although the measurements were easy to obtain, isolating the flexural mode proved more difficult because of the 
addition of higher wave modes. The fact that boundary conditions may have been less then perfect may have also 
compounded the difficulty in interpreting signals. The frequency bandwidth of the signals seemed limited compared to 
the bandwidth of the transducers and this seemed to limit the experimental results. The small frequency bandwidth may 
in part be due to the coating. The coating in general is a plastic material that attenuates the propagation of ultrasound. In 
this case the lower frequencies propagate because they have more energy than the higher frequencies. The composition 
of the core, a bundle of small diameter wires, may have also attributed to signal attenuation by scattering and dephasing 
of the ultrasonic signal. To overcome these difficulties and improve wire insulation characterization it may be possible 
to generate only surface waves instead of relying on the natural mode conversion of the transducer generated 
longitudinal waves. Since the dispersion curves showed that in the high-frequency regime Rayleigh surface waves 
propagate, it may be beneficial to use this wave mode for measuring wire insulation properties. 
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Fig. 1: Schematic of experimental setup. 



Fig. 2: Ultrasonic Transducers Clipped to Insulated Wire. 
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Fig. 4: Comparison of theoretical and experimental flexural mode dispersion curves for uncoated and plastic coated brass rod. 
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Fig. 5: Theoretical and experimental flexural mode dispersion curves for baseline and oven aged electrical wire. 


